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Overview

Timeline Barriers
» Development of PHEV and EV

" Start: October 1, 2014 batteries that meet or exceed DOE
* End: Sept. 30, 2018 and USABC goa|s
= Percent complete: 100% — Cost
— Performance
— Safety
Budget Partners
= Total project funding: » Oak Ridge National Laboratory
FY18 $4.0M = National Renewable Energy
' Laborator
= BAT252, BAT253(ANL, NREL, y _
ORNL, LBNL) = L awrence Berkeley National
Laboratory

= Argonne National Laboratory
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Relevance

Cost for Useable Energy, $/kWh .,
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Traditional NMC-based, Li-ion cathodes, paired with advanced anodes, are still the best
options for near-term advancements (~80-100 $/kWh )

Increasing operating voltages greatly improves energy

‘High-voltage’ instabilities must be mitigated to take full advantage of NMCs
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Milestones/Approach

Overall Objectives

Enable high-energy lithium-ion cells through:
« Identification of major challenges
« Understanding of high voltage processes

* Development of promising strategies via New materials _
Project Thrusts

« Validation under protocols

cathodes electrolyte

Project Management

» Sub-groups by expertise with defined cross

collaborations (‘Sprints’)

. _ .
«  Weekly, full-team meetings with research updates, core capabilities

discussions, and project info
» Periodic, full-team “reviews” to inform project focus

surfaces testing |

* Online database of all project data/protocols/info
accessible to all team members
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Milestones/Approach

Milestones

Project Definition Standardization Data Collection

Problem ldentification Determine focus Phase |

Theory Model Systems Novel Exp.

Phase Il

Surface Reactivity

Surface Stabilization

Cell performance Phase Il

Crosstalk

Phase IV

Five Major Focused Projects

« Standards and Protocols  Development of Model Systems

« Electrolyte ‘Sprint’ « Additives ‘Sprint’ « Effort on Crosstalk
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Milestones/Approach: Standards and Protocols

Materials and Electrodes Electrochemical

* Industrially prepared cathode materials * How to make cells

« CAMP prepared, matched electrodes « Standardized cycling protocols
« Distributed project wide « FOM evaluation

« HV stability (e.g., electrolyte O,)
« Statistical analysis of multi-cell sets

Electrode Fabrication

NMC-523 _
Baselines/benchmarks
Toda NMC-532 data for 30 coin-cells
1 Formation Ageing Data An aIyS I S
HE/HV Cathode Project
- TNAAANN
& 20 I\ /
g M
E ig TMANAAA
] £ MR Il
] 532/graphite §' " ! \ \/ | (\( " —>
4.3-3.0V ¢ 10 20 0 40 5 TNARNANAN
1 C/3 Ageing Cycle number \[\f \/‘ Y \( '\(I \ I. Bloom
See also BAT253 0 5 10 15 20 25 30 35 40 ‘
CyC|e n U m be r Copyright © 2015, Ira Bloom, Argonne National Laboratory
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Progress: Standards and Protocols

Electrode sizing Electrolyte volume Statistical Analysis
180
o] 30-cell sets
160 o R not as good

1554

equivalent
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Pouch/coin cell correlations Electrochemical Modeling

200 NCA/Grapite Coin Cell with Oversized Negative

Negative Active Material Li Distribution at Top of C/3 Charge
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All aspects of standardized
testing have been studied

Discharge capacity / mAh g'1
o)
o
Particle Average X

s | and published
Fi3 ‘ Tovees
o - —Cycle 6
o[l - £l BMF(ORNL) 04 | e
Y F3o0 D. Dees !
* F3.5 03 L
00 2.0 4-0 6-0 8-0 i 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.4
Cycle Radial Distance from Center of Cell, cm

Enabling High-Energy, High-Voltage Lithium-lon Cells: Standardization of Coin-
Cell Assembly, Electrochemical Testing, and Evaluation of Full Cells
B.R. Long et al., J. Electrochem. Soc., 163, A2999 (2016)
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Progress: Defining the Challenges

_ 230 - ——LTO 4.6 V vs Li
Delithiated NMC-532 H. Iddir . LTO 4.5V vs Li
& 52201 ——LTO 4.4V vs Li

g 2104 ———LTO 4.3V vs Li

Al

—— Graphite 4.5V vs Li

140 i D. O’Hanlon

0 100 200 300 400
Cycle #

NMC-622//LTO ~500 cycles (~20% loss)
« NMC-622//Gr ~180 cycles

Theory predicts bulk structure remains intact
up to ~ Liy -,5sMO, (75% delithiation)

S. Sharifi-Asl

Cycled ~20% loss (Gr)

Pristine NMC-622 shows well-layered Cycled 622 shows layered structure with
structure with ~1-2 nm surface reconstructions ~3-4 nm reconstruction
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Progress: Defining the Challenges

500 cycles vs. LTO

500 cycles, harvested & 1 cycle against Li metal

= | 622 622 (b) 622 J. Croy et al.
8 |43V, 4.3V 4.3V
2 |44V, 4.4V 4.4V
% 45V 4.5V s | 45V
E |46V, 4.6V < |46V
g 3
N =
= =
£
2
(a)
8330 | 8340 | 8350 | 8360 | 8370 8330 8340 8350 8360 8340 0 1 2 3 4 5 6 7 8
Energy (eV) Energy (eV) R (A)

(a) Hard X-ray absorption (bulk average probe) shows shift in Ni edge after ~20% capacity

loss (Li trapping at anode)

(b) Harvesting cathode and discharging against Li metal shows a fully recovered average
structure after cycling at all voltages (High-res, diffraction gives concurring results)

Changes to the bulk structure of the NMC oxide are not the main
contributor to cell degradation (~4.5V vs. Li) = Focus on surfaces
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Progress: Development of Model Systems
T IXX
SS9% Y ‘.

Single-Crystal NMCs

H. Iddir et al. Theory & I\/Iodellng S | G. Chen etal,
_ thinfiims Modified NMCs Model Coatings
e G- Veith et al.
259 ‘\fi’t 3
2 2 -
=5 pesn 3
215 @:@ : .
053 Nwc-622 3 ocv J. Croy et al.
[ e e A R aov
0 5 10 15 20 25 30 8 |aay B. Han et al.
Working pressure (mTorr Ar) é a4V
% | Nisoocasv Two-compartment Cells
g Cross-talk blocked Cross-talk allowed
-ﬁ Theo s /:
1 ry = \ Surface Ni/Al,O, E"
Bulk Ni/no coating ‘L i "’“\OL}’
T Model SyStemS o5 w0 85 0 835 8360 \J\)’ s \)L; : \/\
4 Energy (eV) - wihc=c & :_ L
i °’l e
3 Practice
. . . Sahore,Vadivel et al.
Model systems with practical attributes
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Progress: Theory of NMC Surfaces and Interactions el . Gerele

Predicting morphology of NMCs Additive interactions and design

4.00

3.50 A
3.00 4 "=~
2.50 4
2.00 A

- &7 o Theory/modeling was used to study:

000 I C 9 it * Low-energy surfaces
oo e 0 Y Gaen e * Surface terminations
. . .
! ' ' T Poz(atm) T=850°C PartICIe morphOIOgles
1.0E-16 1.0E-10 1.0£-04 1.0E+02 1.0E+08 ° S u rfa ce d e pe n d ent rea Ct|v|ty

. . * Surface-dependent segregation
Predicting atomic structure of surfaces +  Surface-dependent reconstruction

iSurface energy (J/m’):

0 500 1000 1500 2000 2500 T(°C) P=latm

Computational foundation for atomistic
modeling of NMCs completed
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Progress: Synthesis and Characterization of Single Crystal NMCs

| Pristine and recovered

NMC-111 __ |cathodes [ pristine cycled
NMC-532 3 { NMC333 ----

< 4 NMC532 ---- ——
NMC-622 =2 ANMCB22 ---- ——

o

T

£

o

z

T T T T T
775 780 785
Energy (eV)

= Various compositions dominated by (001),
cycled and recovered for L-edge XAS.

= Composition-dependent changes observed
for particles with similar facating

NMCs exhibit facet/composition-dependent
properties, single crystals allow more direct
comparison of theory & experiment
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G. Chen et al.

» Typical surface reconstruction layer
(SRL) on pristine NMC-111 is ~1 nm.

Formation of SRL facet dependent —
no SRL seen on pristine (001) surface
of NMC-111.
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Progress: Correlating Models, Theory and Experiment

- 100
i (012)

i (001)
o (104)

o
<)
Percent

N
o

20

Octahedron T-octahedron Polyhedron  Platelet

J. Zhu et al. J. Mater. Chem. A 2019, 7, 5463

« Alibrary of single crystal NMCs with varying compositions, sizes, and morphologies were
synthesized (NMC-111, 532, 622, 631, 613, 811)

« Samples were used for systematic evaluation of facet-dependent properties
* Predicted particle shapes from modeling verified by synthesis of single crystal particles

OAK - =
RIDGE LiNREL . ’N Argonne &

———————  NATIONAL RENEWABLE ENERGY LABORATORY NATIONAL LABORATORY
National Laboratory BERKELEY LAB




Progress: Correlating Models, Theory and Experiment

80 G. Chen et al.
Theory predicts the (012) surfaces to be o
! — (001) surface (012) surface ,-B
least stable, Co segregation to (104) E o] NMC333  —m— . o-
2 Y NMc532  —e— - O-
[ ] O' .
S e
£ 401 oA
[ ‘.
(] ‘.
e "
S 20 g
S 7 _.Q”"”n/./.
l: ] a_’ﬂ/"./. [
o VT m ] a—
SR o% .
o 2 i 6 8 10

Ageing time (week)

Experiment shows (012) surface has lower
——— stability against TM dissolution than (001)

100 {cpeesnasanane. . .
oﬁggg;l'tl..loolo:g:::::oo.oooooo.o............... ) )
o 88@8888888800 S0eccccseseces,, Experiment shows Co segregation
X 7] 050
: ooo88888ggggggggmoOOOOOoooOOOO to (104) surfaces
£ 60 0
2 e (001)4.3Vv Experiment shows (012)
g4 © (001) 4.6V surfaces to have lower
g e (012) 4.3V capacity retention than
204 o (012) 4.6V (001)
0 . : . : . : . : : Ni rich surface
) 0 10 20 30 40 50 (d) 25 nm
OAK Cycle'lllgmber A A Yan, P. et Al Adv. Energy Mater. 2016
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Progress: Correlating Models, Theory and Experiment

Iddir, Garcia .
(b) Q Li i 100% Li m75% Li 50% Li & 25% Li
c . 2.0
O co =
Q Ni ; 1.5
oo
Om &,
O o o0
= 0.5
R || . ’ I
H @ 0.0 1 | . _Han — e - - i .
. EC FEC DFEC HFDEC EC DFEC EC DFEC
g 0. | J | J \ J
0.5 Y Y Y
NMC532 NMC622 NMC811

Theory predicts fluorinated electrolytes to have low reactivity with
charged cathode surfaces, as compared to EC, independent of Ni oA ey
content v +am,

1©)

(110},

Experiment shows NMC-532 electrode exposed to 50 cycles
followed by a 4.6V (Li/Li*) hold for 100 hours has little to no
surface reconstruction compared to the pristine cathode

Stability of cathode surface not only depends on composition, but
is also dependent on electrolyte formulation

Sharifi-Asl et al.
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Progress: Correlating Models, Theory and Experiment

More Al Insertion

Han, Dogan, Vaughey

Al,O; Particle] g o - 6o &

Al,0,/LiAIO, * [
Coating FIFFIIIS SR I

NMC Bulk gy 0 _
R
e e

NMC532 NMC811

Bo%* -rich Ni**-rich
ervironment enwronment

Ni-rich NCMA (LiNiy 5C0y {Mng g5Aly 0505 '| o

'n.nsoz
Co-rich NCA (LiNiM 0.558l0.09 w
; V' \Lt

5% Al,O, NMCE&11 80" ]

I
5% AlLO, Nrfcezz 80p°C 8h l‘ || i i

Ni-rich NCA (LiNig sC0g 15Alg 0402)

00.3M Ng g5 |

Co=rich NCMA (LiNig_ if

Spmlng S:debands

\ddir, Garcia Lower Mn Content

For high Mn content NMCs (e.g., 532), Al,O, treatment leads to ‘

surface-segregated LiAIO, and/or Al,O,

For high Ni content (e.g., 811) and LCO, the Al(lll) is incorporated

into the lattice surrounded by the TM cations

Comprehensive study of Al treatments as a function of
precursors, solvents, annealing temperatures, wt%, and cathode
compositions shows the complexity of even Al,O;-based coatings
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Progress: Correlating Models, Theory and Experiment

. . . ) A. Dunlop et al.
» a-LIAIO, / NMC interface formation energy is 200
very low ~ 0.1eV/f.u. _
. . 190 | Ty
= y-LIAIO, / NMC does not form a simple _
interf t iderati o0 180 | Cb
interface (symmetry considerations). = B
<10l ® O
Bt e
- £0160 -
&
“ ” s 150 |+
Disordered = | Baseline HEHV Protocol
g — L AV/H,0/Gen2+TMSPi 3 0.4.4 V ageing cycles
3 130 L AVMeOH/Gen2 30°C
> J— a-LiAlO, | AI/MeOH/Gen2+TMSPi
120 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 10 20 30 40 S0 60 70 80 90

Cycle Number
NMC

Iddir, Garcia

Theory corroborates complex surface interactions of Al-based coatings and NMC cathodes

No clear advantage with respect to enabling higher energy high-voltage cycling on NMCs

Surface treatments, even prototypical Al,O;-based, should be tailored to system of interest
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Progress: Correlating Models, Theory and Experiment
Ni-L

(©)

A. Mane

Sum spectrum

Energy Loss (eV)

ey 3. Croy etal, Model NMC with Ni?* selectively doped into layered, R3-m
40V environments at surface or bulk allow for hard X-ray studies
415V

4.3V

44V Surface Ni®* much less oxidized on charge than bulk Ni®*
Ni-900°C 4.3V

Physical barrier of Al,O5; (~3 nm, ALD) coating did not
enable higher oxidation states of surface Ni®*

Normalized yw(E)

54 Correlates well with electrochemical data and
e sao s s sas ssg  'eiterates complexity of stabilizing cathode interfaces
Energy (eV)
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Progress: Development of Models, Focus on Crosstalk

LiFePO,/Gr, C/3 cycling, 1000 ppm Mn (by mass) in Gen2 electrolyte

= Gen2 100.0% Tornheim et al.
140 - [ ] Mn(PFe)z

A  Mn(Acac),

v Mn(TFSI), 99.8% -
a >\
o o
< 130 k]
3 S 99.6% -
> T
S o
g 2 g . Mn(PF)
S n
g o S 99.4% pr 2
o S A Mn(Acac),
o D o i
3 O v Mn(TESI),
3 99.2%
a

110 ~ ] B
99.0% —

T T T T T T T T T T T " 0 10 20 30 40 50
Cycle number

Cycle number

PF4: Continual capacity loss PF4: Continual low CE
Acac: Initial and continual capacity loss Acac: Initial and continual low CE
TFESI: Initial capacity loss TFSI: No change from baseline

Cell performance is affected by the nature of the anion — coordination of dissolved
species plays an important role
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Progress: Additional Model Examples Synchrotron Studies

Alternative Coatings Microscopy g o §SEY 8 5%
: : = — ] |

Dl.\st

C. Peebles et al.

Wang et al., Shahbazian et al. 5075 100 125 150 175 200 225 250 275 300 925 -850 375

Position 2-Theta (Degrees) L David et al

Gas Evolution
Chromatography

10 NMC vs Li i 5.0
Post-Mortem _
0.8 4 /-\] —CO, Solvent cabinet At0m|C Layer Dep
07 ] ——— COIN /- r4s Vacuum degasser
’ —0
¢ 064 V(z)ltage ® Binary pump
& La0 2
S 0.5 £
& 0.4 =
0.3 L35 Autosampler
0.2 -
o1 _ﬁ " 20 Column compartment i i
oo G. Veith et al., R. Rutheretal. [~ Detector | B4}
. [0] 2(IJO 4(‘)0
Time (min) R. Sahore et al. S. Trask et al.

Thin Films Coated Thin Films Tenent et al., Mane et al.

G. Veith et al.
Cr2p2 Tizp 10 Zn2p8
o b o e TR &% o W T S T T A
: Electrolyte O Crioszpuz o731 @) 21 - deg Y Zno 312 :g:;:g: g:gg tgg; |§; man Other effo rtS
L3 & a8 -
H £ over the life of the
s E s .
: | : project
See also BAT253
605 600 595 590 585 580 575 570 468 464 460 456 452 1045 1035 1025 1015
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
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Progress: Examples of Patented Technologies

200 :
- D. Abraham et. al 2951 A. Tornheim et. al
%180 - G |
= Z ~96% retention
< = 200t
E 160 - t:‘:} S
2ol ORI = Ny Z s
‘g 140 - . . \\ S
g- 100 ] | % " N
S 120 1i. | ] S 1501 ~85% retention
g,, © . L 507 S i
1] “ iy | £ i < B
'§ 100 1 oz . * .. o é 40': 6 125
=) e w 0 w0 a. 30 - 2 ' NMC-532//Gr

80 o 3 O 100+ 4. 4v
0 5IO 1(I)O 1_;10 201 ‘ —! * ' : ' : L : ! - L
Cycle # 36 38 40 42 0 25 50 75 100 125
cell voltage, V Cycles

Additive design leads to

+ ~20% greater energy retention

- ~50% less impedance rise, less TM dissolution * Improve capacity retention
« Lower impedance rise

» Mitigate effects of ‘cross-talk’

Stabilizing the graphite SEI can

1o b 140 b .. !
120 532 120
100
s

60 F

ASI (ohm-cm?)
ASI (ohm-cm?)
g

a0

20 1

IR U [ I A L T Novel Surface treatments
o o cevotege ‘ Reduce impedance rise of Ni-

140 ALD-3

Y

»  coated 532 "l coated 622 -t . coated 811 rich cathodes (~70% for 811)

Sy Gutierrez et al.
A : (see also BAT049)

Are Specific Impedance (Qscm?)

See also BAT253

L L L L L L L
28 30 32 34 36 38 40 o

28 3.0 32 34 36 38 4.0
Cell Voltage (V) >

. . . . . . .
28 30 32 34 36 38 40
Cell Voltage (V) Cell Voltage (V)
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Summary

» Large team working on difficult problem Detailed protocols w.r.t. materials and
« Cathode composition/synthesis testing is a requirement for large efforts;
» Electrode/cell construction/testing this project has set a new standard that

» Confidence in reported data... should/will be emulated in the future

* NMC cathode particles show facet-dependent Strategy of combining ‘practical’ model
» Segregation systems with theory/modeling has led to
* Reconstruction mechanistic insights and experimental

validation of NMC surface behavior
under ‘high-voltage’ operation

 TM dissolution
« Oxygen stability...

!

« Stabilizing surface at high voltage involves Physical barriers are not an obvious
« Going beyond intrinsic stabilities solution, surfaces must be tailored to
* Is not simple system of interest; theory/modeling give
* Is system dependent... insights to why; crosstalk is a major
issue, coordinating anions are important

!

« Stabilizing surface at high voltage requires This project has shown that promising
« Continued study strategies exist to stabilize NMCs at
* Novel experiments higher voltages; NEW materials w.r.t.
* Is possible... cathode surface-design and HV
electrolytes/additives have been
developed with positive results

!

See also BAT253
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Future Work

« HE/HV project is officially over but the foundations built with respect to theory
& modeling, model systems, standards and protocols, as well as project
organization and focusing mechanisms are extremely valuable assets to have
in place and major accomplishments of this team

« Important work from this program that should be followed up on/continued
include detailed studies of:

* Newly developed surface modifications

* Newly developed electrolytes and additives

« Cathode surface/bulk design and synthesis
» Gas generation |
« Thermal stability — Related to each of the above

* Crosstalk i
See also BAT253
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Publications and Presentations

= Fulya Dogan, J. - S. Park, J. Croy, B. Key, J. T. Vaughey “Investigation of Aluminum Environments in Al,O; coated
cathodes: The Effect of Cathode Composition on Electrochemical Performance and Aluminum Local Environments”
Gordon Conference on Batteries, Ventura, CA, February 2016.

= A. Hubaud, F. Dogan, C. Pebbles, C. Liao, J. Vaughey “Interfacial Stability of Ni-rich Layered Oxide Cathodes”
IBA2016, Nantes, France, March 2016.

= Adam Tornheim, Meinan He, Chi-Cheung Su, Chen Liao, Javier Bareno, Ira Bloom, Zhengcheng Zhang “Temperature
Dependence of Electrolyte Oxidation at a Charged NCM Cathode Surface” MRS, Phoenix, AZ March 2016

= C. Peebles, M. He, F. Dogan, A. A. Hubaud, J. T. Vaughey, C. Liao “Organosilane Cathode Coatings for High-Voltage
Lithium lon Batteries” 18" International Meeting on Lithium Batteries, Chicago, IL, USA, June 2016.

= C. Peebles, F. Dogan, A. A. Hubaud, J. T. Vaughey, C. Liao “Organosilane Coatings for Ni-Rich High-Voltage Lithium
lon Batteries” 229th Meeting of the Electrochemical Society, San Diego, CA June 2016.

= Jason R. Croy, Enabling High-Energy/Voltage Lithium-lon Cells for Transportation Applications: Testing and Protocols,
U.S. DRIVE (Southfield, MI) 2015.

= Jason R. Croy, K.G. Gallagher, S.G. Rinaldo, B.R. Long, M. Balasubramanian, J.S. Park, F. Dogan, Z. Yang, E.J. Lee
and A.K. Burrell, High-Voltage Lithium-lon Research for Transportation Applications, 228" Meeting of The
Electrochemical Society (Phoenix, AZ) 2015.

= D.P. Abraham, Invited Presentation, Lithium Battery Power 2015, Baltimore, MD, November 19, 2015. Enabling Long-
Life High Energy Density Lithium-lon Cells”

= J.A. Gilbert, M. Klett, J. Bareno, D. Miller, V.A. Maroni, D.P. Abraham, Abstract, International Meeting of Lithium
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